We use time-resolved optical reflectivity and x-ray diffraction with femtosecond resolution to study the dynamics of the structural order parameter of the charge density wave phase in TiSe 2 . We find that the energy density required to melt the charge density wave nonthermally is substantially lower than that required for thermal suppression and is comparable to the charge density wave condensation energy. This observation, together with the fact that the structural dynamics take place on an extremely fast time scale, supports the exciton condensation mechanism for the charge density wave in TiSe 2 . [3] comprise a class of collective phenomena arising from a correlation between the electron density and the underlying lattice. 1T-TiSe 2 is a controversial example of a CDW material. It has a quasi-two-dimensional crystal structure where Ti atoms are sandwiched between two layers of Se atoms [see Fig. 1(b) ]. Below T c % 200 K, it undergoes a second-order structural phase transition into a commensurate CDW with a ð2a Â 2a Â 2cÞ superlattice (SL). TiSe 2 can be intercalated with transition metal ions which reside between the layers. The recent discovery of superconductivity in Cu x TiSe 2 below 2.3 K [4] has intensified interest in the host compound.
Recent developments in time-resolved techniques such as angle-resolved photoemission spectroscopy and x-ray diffraction have opened new opportunities to probe directly the dynamics of electronic [1] and structural [2] order on femtosecond time scales. Charge density waves (CDWs) [3] comprise a class of collective phenomena arising from a correlation between the electron density and the underlying lattice. 1T-TiSe 2 is a controversial example of a CDW material. It has a quasi-two-dimensional crystal structure where Ti atoms are sandwiched between two layers of Se atoms [see Fig. 1(b) ]. Below T c % 200 K, it undergoes a second-order structural phase transition into a commensurate CDW with a ð2a Â 2a Â 2cÞ superlattice (SL). TiSe 2 can be intercalated with transition metal ions which reside between the layers. The recent discovery of superconductivity in Cu x TiSe 2 below 2.3 K [4] has intensified interest in the host compound.
The origin of the CDW phase transition in TiSe 2 , although extensively studied both experimentally and theoretically, is not yet unambiguously determined. Lack of parallel areas in the Fermi surface at 2k F eliminates Fermi surface nesting as a possible scenario for the CDW formation [5, 6] . There exist several competing hypotheses for the mechanism driving the CDW formation in 1T-TiSe 2 . One of the most promising is the condensation of excitons [7] , which becomes possible due to a low free carrier density and a consequently poorly screened Coulomb interaction. An alternative is the band Jahn-Teller effect: a lowering of the average energy of the valence and conduction bands in the vicinity of the Fermi surface as a result of lattice distortion [8, 9] . A variety of experiments, including measurements of the electronic band structure via angleresolved photoemission, have been interpreted in different ways to support both models [6, 10] . For a qualitative description of the angle-resolved photoemission data [10] , hybrid exciton-phonon modes driving the transition were proposed [11] .
One possible way to distinguish between these mechanisms is to study the dynamics of the CDW phase in response to the strong, sudden electronic excitation resulting from the absorption of a femtosecond laser pulse. Although all models for the CDW mechanism predict a collapse of the SL, differences in the expected threshold energy and recovery dynamics provide a way to discriminate between them. In this Letter, we discuss the laserinduced structural dynamics studied with transient x-ray diffraction and optical reflectivity. With x-ray diffraction we access directly the atomic rearrangement in the material after the perturbation of electrons with a femtosecond laser pulse and investigate the fluence dependence of the structural order in TiSe 2 . In addition, high time resolution and precision available from transient optical reflectivity measurements provide detailed information on temperature and fluence dependence of the phonon mode associated with the CDW phase.
For the transient optical reflectivity measurements, the output of a commercial Ti:sapphire laser (800 nm, 290 kHz, 40-100 fs) was used to produce both pump and probe pulse trains. The induced transient reflectivity signal was collected by using a fast-scan technique [12] . The probe beam was polarized along the crystal a axis, and the polarization of the pump was set to 45 with respect to the probe, both incident nearly normal to the (001) sample surface. The pump beam was focused to a 100 m spot, and the probe was a factor of 2 smaller in diameter to ensure homogeneous excitation of the probe region. Figure 1(a) shows the temperature dependence of the transient optical reflectivity signal at a pump fluence of 3 J=cm 2 . At low temperatures the data reveal the presence of oscillations with a frequency of approximately 3.4 THz. As the temperature increases, the frequency decreases [inset in Fig. 1(a) ] and the damping increases. There is no evidence of oscillations at temperatures above 170 K. Based on Raman spectroscopic data [13, 14] , we assign these oscillations to the A 1g amplitude mode of the CDW. The atomic displacements associated with this mode are shown with arrows in Fig. 1(b) . The frequency of the A 1g mode depends strongly on laser fluence. Figure 1 (c) shows the Fourier transform of the oscillatory part of the fluence dependence data taken at 80 K. At an incident pump fluence of 0:21 mJ=cm 2 the A 1g mode is completely suppressed, suggesting the collapse of the CDW phase. This corresponds to an absorbed energy of 16.5 meV per temperature (RT) unit cell, as calculated with a penetration depth of 18 nm and a reflectivity of 65% [15] .
To extract more quantitative information on the structural dynamics, we performed transient x-ray diffraction measurements, using the intensity of the ð 1 2 1 2 1 2 Þ SL peak as a measure of structural order in the CDW phase. The measurements were done in a grazing incidence geometry [16] with 140 fs FWHM x-ray pulses generated by the laser-electron beam slicing technique [17] . The x-ray beam was focused to % 6 m vertically and 250 m horizontally. To reduce the fluorescence background, the x-ray energy was set below the Ti K-edge absorption to 4.9 keV, by using a multilayer mirror with a 1.3% bandwidth acceptance. At a grazing angle of ð0:67 AE 0:02Þ , the attenuation length of the 4.9 keV x rays is ð58 AE 5Þ nm. Approximately 150 fs FWHM laser pulses with ¼ 1580 nm excited the sample at normal incidence. The estimated laser penetration depth at 1580 nm is 35 nm [15] . This is significantly larger than for 800 nm light and matches better with the probe depth of the x rays.
To maintain the time resolution of the experiment to within 250 fs, we tilted the pulse front of the pump laser by 45 by imaging the first-order reflection of a 600 lines=mm grating onto the sample [18, 19] . The laser spot size was ð810 Â 840Þ m 2 FWHM. Figure 2 shows the time evolution of the diffraction signal following photoexcitation at 90 and 140 K. Laserinduced perturbation of the electronic order in TiSe 2 in the CDW phase results in atomic rearrangement and hence in a change in the SL diffraction peak intensity. At low pump fluences the diffraction signal drops rapidly and recovers on a picosecond time scale, whereas at high fluences the recovery time increases dramatically. At 140 K with an incident excitation density of 1:2 mJ=cm 2 , the SL order vanishes completely within our experimental time resolution of 250 fs, indicating a phase transition to the normal state over the entire probed volume. The signal recovers partially on a time scale of about 10 ps. A complete recovery of the initial state occurs approximately 100 ns later. In order to qualitatively describe the fluencedependent data, we suggest the following picture (see the inset in Fig. 2) . Assuming linear absorption, the laser excitation density decays exponentially with the distance z from the surface. Provided that the excitation is sufficiently strong, there will exist a depth z 0 at which the laser energy absorbed within a u.c. volume is just enough to suppress the SL order: Eðz 0 Þ ¼ E th . For z < z 0 (region I), the CDW order is completely suppressed, and the material undergoes a phase transition to a high symmetry state. For z > z 0 (region II), the CDW is only perturbed from its initial state at T 0 , but the SL order still persists with a reduced amplitude. The recovery of the SL order in these two regions of the sample are determined by distinct physical processes. In region II, the initial recovery is governed by the time required for the electronic subsystem to transfer energy to the lattice. For region I, where the CDW order was completely suppressed, a significant amount of additional time is required for CDW domain regrowth, since it involves the establishment of long-range structural correlations. At low laser fluences, the excitation level is insufficient to melt the CDW. As the fluence increases over a certain threshold, the melted region I appears, growing with increasing fluence. At the highest excitation fluence of 1:2 mJ=cm 2 at T 0 ¼ 140 K, the CDW order is suppressed over the entire probe volume. The observed recovery dynamics at high laser fluence is then dominated by the much slower CDW domain regrowth. This picture is supported by the shape of the rocking curves measured at a 100 ps delay for different excitation levels. At a laser fluence of 0:2 mJ=cm 2 , for an initial temperature of 90 K the data show no angular broadening of the diffraction peak, indicating that the correlation length is unchanged [20] . At an excitation level of 1:2 mJ=cm 2 , the diffraction peak becomes 2.2 times broader with respect to the unpumped signal at both 90 and 140 K, indicating a reduced correlation length in the probe volume.
To determine the energy required to melt the CDW phase, we measured the fluence dependence of the SL diffraction peak intensity at a 100 ps delay. For these measurements we used 70 ps FWHM x-ray pulses as a probe. The energy was set to 4.9 keV by using a Si(111) monochromator with 0.015% bandwidth. Figure 3 shows the normalized ð 2 Þ diffraction peak intensity vs incident laser fluence at 90 and 140 K. The drop in SL peak intensity shows a clear threshold, which indicates the onset of the CDW melting and depends on the initial temperature of the sample. On a 100 ps time scale, the electronic and lattice subsystems are expected to be in quasiequilibrium at a somewhat elevated temperature. Therefore, some portion of the fluence-dependent drop in the SL diffraction peak intensity can be attributed to the laser-induced heating of the sample. This thermal effect can be estimated by using the temperature-dependent specific heat [21] , the laser reflectivity of 60%, and the laser penetration depth of 35 nm at 1580 nm [15] . We estimate that a temperature increase in the probe volume at the highest incident fluence of 1:2 mJ=cm 2 is 46 and 56 K for initial temperatures of 140 and 90 K, respectively. These are the upper limits for the estimates of the thermal effect, as we do not take into account heat diffusion from the probe volume. To estimate the corresponding change in structure factor of the ð 1 2 1 2 1 2 Þ SL diffraction peak, we use the atomic displacements associated with the SL [ Fig. 1(b) ], which we calculate from the temperature dependence of the ð 3 2 1 2 1 2 Þ neutron diffraction peak intensity [22] . This, in turn, allows us to estimate the change of the ð intensity (Fig. 2) , on a 100 ps time scale the long-range structural correlation in the portion of the crystal initially driven through the phase transition (region I) has not yet been fully reestablished. This causes an additional drop of the SL peak intensity due to the reduced correlation length. The experimentally observed threshold fluences (Fig. 3) are 0:17 mJ=cm 2 at 140 K and 0:35 mJ=cm 2 at 90 K, corresponding to threshold energy densities of E th ð140 KÞ ¼ 7:9 meV and E th ð90 KÞ ¼ 15:8 meV, respectively. These are much lower than the energy densities required to heat up the sample to T c (Table I) and consistent with the value of 16:5 meV determined from the optical reflectivity data at 80 K.
It is instructive to compare the energy density required to suppress the SL to the total condensation energy of the CDW phase, E con . As there is no easy way to estimate E con for either excitonic insulator or band Jahn-Teller-type ground states, we make a crude comparison to a 1D-Peierls system, where the condensation energy is given by E con ¼ nð F Þ Á Á 2 =2 [Eq. (3.45) in Ref. [3] ]. In this expression, nð F Þ is the normal state density of states and Á is the size of a single particle gap. If the lattice modulation in the CDW phase is driven directly by the electronic subsystem, as in the case of the excitonic insulator model, the amount of energy of E con absorbed selectively by the electronic subsystem should be sufficient to drive the material to the normal state. At low temperatures (T & 10 K), an estimate for the size of the gap size is Á 0 % 150 meV [23] . If the gap follows the mean-field curve ÁðTÞ ¼ Á 0 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi 1 À ðT=T c Þ 2 p , then Áð90 KÞ ¼ 134 meV and Áð140 KÞ ¼ 107 meV. The density of states per unit cell at the Fermi level in the normal phase is nð F Þ ¼ 1 eV À1 [24] . The condensation energies thus obtained are E con ð90 KÞ ¼ 9:0 meV and E con ð140 KÞ ¼ 5:7 meV. Although slightly lower than the measured thresholds for laser-induced CDW melting, they are quite similar (see Table I ). This observation is at odds with recent results on a standard Peierls quasi-1D CDW K 0:3 MoO 3 [12] . In this system, the energy required for the laser-induced suppression of the zone-folded modes is an order of magnitude higher than the electronic part of the total condensation energy, which is larger than E con by the increased amount of the elastic energy of the lattice.
By combining time-resolved optical reflectivity and x-ray diffraction, we have shown that the laser-induced melting of the CDW phase occurs on a time scale faster than 250 fs and requires 4 times less energy than expected for suppression by only heat deposition of the pump laser. This stands in contrast to previous studies of the laserinduced superlattice suppression in 1D CDW K 0:3 MoO 3 [12] and 2D CDW TaS 2 [25] systems, where the thermal and laser-driven thresholds are similar. This, coupled with the similarity of the experimentally determined threshold for SL suppression and the CDW condensation energy, gives experimental evidence for an electronic origin of the CDW formation in TiSe 2 , as hypothesized by the exciton condensate scenario.
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